Objective To determine whether brain volume is reduced at 1 year of age and whether these volumes are associated with neurodevelopment in biventricular congenital heart disease (CHD) repaired in infancy.
Conclusions Infants with biventricular CHD show total brain volume reductions at 1 year of age, driven by differences in cerebral white matter. White matter volume correlates with language development, but not broader developmental indices. These findings suggest that abnormalities in white matter development detected months after corrective heart surgery may contribute to language impairment. (J Pediatr 2017; 181:42-8) .
Trial registration ClinicalTrials.gov: NCT00006183.
C ongenital heart disease (CHD) is among the most common birth defects. Moderate or severe forms of CHD affect 0.5%-1% of all live births .1,2 Children with CHD have an elevated risk of neurodevelopmental impairment, which typically affects attention, executive function, social cognition, and/or language. [3] [4] [5] [6] Language in particular was the most common isolated delay in 1 longitudinal study of children with CHD. 7 In biventricular forms of CHD, such as transposition of the great arteries (TGA) or tetralogy of Fallot (TOF), over one-half of children require special services such as special education or early intervention .4,8 Thus, neurodevelopmental impairments significantly influence quality of life and daily functioning. [9] [10] [11] [12] Brain magnetic resonance imaging (MRI) has demonstrated both overt brain injury and subtle quantitative differences in the brain structures of children and adolescents with CHD. Cerebral white matter abnormalities are the most frequently reported neuroimaging abnormality in this population, though diffusely scattered punctate hemorrhages are also common. 13, 14 Subtle differences in cerebral white matter microstructure and cortical thickness are measurable in adolescents with TGA even without overt brain injury by qualitative MRI. 15, 16 Abnormalities in brain development are thought to precede surgery with reduced cortical folding, smaller cerebral volumes, and abnormal metabolism apparent in newborns and infants prior to surgery and even in utero. [17] [18] [19] Recent studies in adolescents indicate a relationship between brain MRI findings and neurodevelopmental functioning. 20 In the present study, we sought to determine whether brain volumes are reduced following corrective surgery for biventricular CHD, and to determine the relationship between quantitative brain volumes and neurodevelopment in infancy. The study sample is unique in that the corrective heart surgery was performed in infancy, and the MRI was performed at approximately 1 year of age, allowing for a period of recovery and growth after surgical correction. In addition, we specifically evaluated language, given that it is commonly affected by CHD and may be more sensitive to subtle cognitive differences not detectable with instruments that assess global development. We hypothesized that both cerebral white and gray matter volumes would be smaller in infants with CHD than control infants, and that cerebral volumes would be more closely associated with language scores than with broader neurodevelopmental measures.
Methods
Cardiac subjects for these analyses were participants in a clinical trial (ClinicalTrials.gov: NCT00006183) comparing 2 hematocrit strategies during cardiopulmonary bypass surgery in infants. Detailed trial methods were previously published. 22 Briefly, the trial sample consisted of infants who underwent biventricular repair at less than 9 months of age with a diagnosis of 1 of the following: (1) TGA, (2) TOF with or without pulmonary atresia or truncus arteriosus, or (3) ventricular septal defect or complete common atrioventricular canal defect. Exclusion criteria were birth weight less than 2.3 kg, recognizable phenotypic syndrome of congenital anomalies detected during routine clinical care, extracardiac anomalies of greater than minor severity that could impede recovery of myocardial or brain function in the perioperative period, previous cardiac surgery, or associated cardiovascular anomalies necessitating aortic arch reconstruction or additional open surgical procedures before the planned developmental follow-up. Genetic testing was not performed for all subjects, but no children with CHD were identified as having chromosomal or genetic problems by 1 year of age by treating clinicians.
A comparison sample of 13 healthy control infants was selected from the National Institutes of Health MRI study of normal brain development, including all infants with neuroimaging performed on the same MRI scanner as the infants with CHD, and who had acceptable imaging quality and were of comparable age. These control infants had no known risk factors for brain disorders such as intrauterine exposure to toxins, history of closed head injury with loss of consciousness, language disorder or axis 1 psychiatric disorder, first degree relative with a lifetime history of an axis 1 psychiatric disorder, or abnormality on neurological examination. 23 This study was approved by the Boston Children's Hospital Institutional Review Board and adhered to both institutional guidelines and the Declaration of Helsinki.
Image Acquisition and Analysis
At approximately 12 months of age, subjects underwent brain MRI with sequences including a standard clinical axial fast spin echo T2-weighted sequence for skull stripping and coronal 3-dimensional spoiled gradient recalled echo for volumetric analyses. Detailed MRI acquisition variables for both the CHD trial subjects and the healthy control infants have been previously published. 14, 23 For volumetric analyses, we applied a whole brain probabilistic segmentation algorithm local MAP PSTAPLE. 24 This innovative algorithm, which was not available at the time primary trial results were published, computes probabilistic segmentations of a target brain simultaneously from multiple templates. Each of the template images is registered to the target image. Label and intensity information from each template is used to compute label probabilities of the target image. An expectation maximization algorithm is used both to estimate the segmentation of the target image and to measure the ability of each template to predict locally the correct segmentation of the target image. The algorithm converges on a local optimum, labeling both cortical and subcortical structures based on information stored in the template library.
This segmentation algorithm yields 134 brain regions. To reduce the problem of multiple comparisons, we selected 22 discrete regions thought likely to be affected by CHD, and from these 22 discrete regions created 6 aggregate regions for group comparisons and correlation analyses. The 22 discrete regions are listed in Table I (available at www.jpeds.com). The 6 aggregate regions were total brain, cerebral white matter, cerebral gray matter, subcortical gray matter, cerebellum, and brainstem.
Demographic and Medical Variables
For correlation analyses, we evaluated demographic and medical factors thought to be associated with brain volumes in the subjects with CHD. Demographic characteristics included sex and race. Birth characteristics were weight, gestational age, and Apgar score at 5 minutes. Preoperative variables were catheterizations, balloon atrial septostomy, age at operation, and endotracheal intubation before surgery. Operative variables were hematocrit treatment group, crossclamp time, total support time, total bypass time, low-flow bypass time, duration of circulatory arrest, hematocrit at onset of low-flow, lowest tympanic temperature, lowest pCO2, pH at lowest pCO2, highest pCO2, and lowest pO2. Of note, the pH-stat blood gas strategy was used during core cooling on cardiopulmonary bypass. Postoperative variables were lactate 60 minutes after bypass, lowest PaCO2, lowest PaO2, PRISM-III 25 score at 12 and 24 hours postoperative, hours intubated, postoperative intensive care unit length of stay, postoperative hospital length of stay, hypertension, and hypothermia.
Neurologic and Neurodevelopmental Outcomes
A standardized neurologic examination was performed on all subjects with CHD and was an entry criterion for control subjects. Neurodevelopmental evaluation performed at 1 year of age included the Bayley Scales of Infant Development-II (BSID-II) 26 for all subjects; the MacArthur-Bates Communicative Development Inventories (CDI) 27 was completed for subjects with CHD only. We evaluated the Words and Gestures Volume 181 • February 2017 form of the CDI Part I: Early Words including the following scores: Phrases, Vocabulary Words Understood, and Vocabulary Words Produced. We also evaluated Part II: Actions and Gestures with the Total Gestures summary score. Scores were converted into age-and sex-specific percentiles for analyses. We excluded other sections of the CDI because of a narrow range of responses limiting the utility of statistical analyses. The scores included are designed to be measured in children ages 8-18 months and describe the extent to which a child has begun to respond to familiar words, phrases, and routines, understand and produce words, and employ communicative and symbolic actions or gestures.
Statistical Analyses
Wilcoxon rank-sum, Kruskal-Wallis, or Fisher exact tests were used to compare groups with respect to demographic and birth history variables. We used linear regression adjusting for corrected chronological age at MRI and sex to compare brain volumes between groups. To calculate average percent change in brain volumes between groups, we compared fitted volumes for cardiac subjects with those estimated for control subjects at the same corrected chronological age and sex. T-tests or analysis of variance were used to compare follow-up data (BSID-II scores and CDI, head circumference, and weight percentiles) between groups. We used 1-sample t tests to compare the mean of the group with CHD for each CDI percentile and the means of the group with CHD and control group for head circumference with the expected population mean of 50th percentile.
For the subjects with CHD, Spearman correlation analysis was used to evaluate the relationship between the medical variables and residuals from linear regression of the brain volumes on corrected chronological age, sex, and diagnosis. We adjusted for diagnosis in these correlation analyses given the inherent association between diagnosis and medical variables. In addition, Spearman correlation analysis was used to evaluate the association between the CDI percentiles and residuals from linear regression of the brain volumes on corrected chronological age and sex. The significance level was set at 0.05 for all correlation analyses. With a sample size of 48 subjects with CHD for most correlations and 38 for the correlations with CDI percentiles, we had 80% power to detect a correlation of ≥0.40 or ≥0.44, respectively, at a 2-sided 0.05 level.
Results
Of 126 subjects enrolled in the trial, 106 returned for the 1-year of age clinical evaluation.
Medical characteristics of the group with CHD have been previously published.
14 The 2 hematocrit groups did not differ in BSID-II or CDI scores, weight, or head circumference. 22 Forty-eight subjects (19 TGA, 20 TOF, and 9 ventricular septal defect) underwent brain MRI. The majority without brain MRI were parental refusals mostly because of the need for general anesthesia (N = 55), with 2 cancelled because of medical concerns and 1 for lack of MRI availability. The median duration between surgery and MRI was 373 days (IQR 339-408; range 194-605). Subjects with CHD who underwent MRI did not differ in head circumference percentiles or BSID-II scores from those who did not. However, subjects with CHD who underwent MRI had both significantly lower phrases and total gestures CDI percentiles (mean ± SD, phrases: 43 ± 28 vs 59 ± 29, P = .02; total gestures: 32 ± 27 vs 52 ± 29, P = .002).
Comparing the 48 subjects with CHD who underwent MRI with control subjects, demographic characteristics and birth history did not differ (Table II) . At 1 year of age, compared with the control subjects, the subjects with CHD had significantly lower weight and smaller head circumference percentiles, though head circumference was similar to age norms in the group with CHD, and the control group had above average head circumference. Within the group with CHD, the head circumference increased from the 30th percentile preoperatively to the 48th percentile at 1 year of age (paired t test, P < .001).
Neurologic and Neurodevelopmental Outcomes
Neurologic examination at 1 year of age was abnormal in 28 subjects with CHD (58%), with 26 having abnormal motor function (54%). Per enrollment criteria, all control subjects had normal neurologic examination findings. BSID-II psychomotor developmental index (PDI) and mental developmental index (MDI) were significantly lower in the group with CHD compared with controls (Table II) . Neurologic and BSID-II data by subgroup with CHD have been previously published.
14 No subjects in the trial had postoperative clinical seizures detected. 22 CDI was completed for 38 subjects with CHD; scores were significantly below age and sex norms for understanding of vocabulary and development of gestures ( Table II) . Parents of many children with CHD reported delays, defined as being below the 10th percentile, in development of phrases (18%) and gestures (16%) and understanding of vocabulary (34%). Only understanding of vocabulary differed significantly from the expected 10% (1-sample exact binomial test, P < .001).
Qualitative MRI Outcomes
Detailed qualitative MRI findings have been published for the group with CHD; subtle hemorrhagic injury was the most common neuroimaging abnormality, which correlated with BSID-II PDI score.
14 In general, brain mineralization/ hemosiderin was not associated with language scores, except that the 16 subjects (42%) who had brain mineralization/ hemosiderin had lower CDI phrases percentiles than the 22 subjects who did not (32 ± 27 vs 51 ± 27, P = .0495). Hemosiderin did not correlate with head circumference percentile.
Quantitative MRI Group Comparison
Among the 6 aggregate regions, total brain, cerebral white matter, and brainstem volumes were significantly smaller in the subjects with CHD than control subjects after adjusting for corrected chronological age at MRI and sex (Table II) . Compared with healthy controls, the group with CHD had a reduction of 54 mL (6%) in total brain (P = .009), 40 mL (15%) in cerebral white matter (P < .001), and 1.2 mL (10%) in brainstem (P = .003) volumes, but there were no significant differences in cerebral gray matter, subcortical gray matter, and THE JOURNAL OF PEDIATRICS • www.jpeds.com Volume 181 cerebellum volumes. Even after further adjustment for total brain volume, the reductions in cerebral white matter (P < .001) and brainstem (P = .04) persisted. There were no appreciable differences among the 3 cardiac diagnostic groups in the aggregate regions (Table III ; available at www.jpeds.com). In the 22 discrete regions, subjects with CHD had smaller right and left cerebral white matter and cerebellar white matter volumes than controls (Table I) .
Brain Volumes and Medical Factors
Total brain volume correlated with lowest operative pCO2 (r = 0.33, P = .02) (Table IV; available at www.jpeds.com). Cerebral gray matter volume correlated directly with lowest operative pCO2 (r = 0.31, P = .03) and inversely with postoperative intensive care unit length of stay (r = −0.29, P = .047). The lowest pCO2 typically occurred shortly after induction of anesthesia prior to cooling (N = 16, 33%) or after rewarming to 35°C (N = 31, 65%).
Brain Volumes and Neurologic/ Neurodevelopmental Outcomes
Brain volumes were not correlated with BSID-II scores or abnormal neurologic examination in the group with CHD, but they were associated with language development by CDI (Tables  IV and V) .
Cerebral white matter and brainstem volumes correlated significantly with development of phrases, understanding of vocabulary, and development of gestures (Figure) . Total brain, cerebral gray matter, and subcortical gray matter volumes also correlated with development of gestures.
Discussion
We found that subjects with biventricular CHD had smaller total brain, cerebral white matter, and brainstem volumes than healthy controls at 1 year of age, and that these brain volumes correlated with receptive language and gestures, but not with broader neurodevelopmental measures. Interestingly, cortical and subcortical gray matter and cerebellar volumes in subjects with CHD were not significantly different compared with control subjects. In addition, we found that although there was significant recovery of head circumference to the normal range following cardiac surgery, this recovery did not include normalization of all brain volumes. Interpreted within the context of existing literature, our results provide insight into trajectories of brain growth and development following surgery for biventricular CHD.
We found that the smaller total brain volume in infants with CHD was largely driven by reduced cerebral white matter volume. This finding at 1 year of age complements prior investigations that showed reduced total brain volume in fetuses, neonates, and adolescents with CHD. 17, 21, 28 Fetuses with hypoplastic left heart syndrome had smaller total brain volume than controls, most prominent in cerebral white matter and cortex. 18 Preoperative neonates with predominantly biventricular CHD, scanned at less than 2 weeks of age, had global reductions in brain volume without pronounced regional differences. 28 Despite years of further brain growth and development, adolescents with CHD have reduced total brain volume, most prominent in cerebral white matter. 16, 21 Together with qualitative studies indicating that white matter injury is the most common neuroimaging finding in CHD, 13, 29 our data suggest that early developmental disturbances and brain injury lead to persistent reductions in total and cerebral white matter volume long after surgical repair. This specific reduction in white matter may relate to the timing of cerebral insult in biventricular CHD. The late fetal period through early infancy is a time of rapid white matter development and myelination; thus, an insult during this developmental stage might have long-lasting effects on white matter growth and maturation. 30, 31 Our results contrast with those of Watanabe et al 32 who found smaller gray but not white matter volume in infants with CHD compared to healthy infants at a similar average age. Although cerebral gray matter volume was smaller than controls in our group with CHD, this difference did not reach statistical significance in our study. Their study methods differed from ours. First, they obtained MRI scans over a wide age range, from 2 to 23 months. This variation in age at MRI acquisition may have obscured a varying pattern of brain growth and/or may introduce inaccuracy in volumetric measures owing to marked changes in gray and white matter signal intensity over this age range. Second, their study included infants with various forms of single ventricle and biventricular CHD, whereas our cohort was confined to a biventricular group. Differences in underlying cardiac disease may influence rates of brain injury and affect subsequent brain growth. 13, 33 Neither study can accurately classify rates of brain injury in early infancy, as brain MRI months after surgical repair of CHD may be insensitive for detecting earlier brain injury. 34 Finally, the lack of significantly reduced gray matter volume in our cohort may be due to sample size or other factors related to characteristics of our study population.
Few studies have specifically assessed brainstem and cerebellar volume. However, our findings are consistent with those of Ortinau et al 35 who demonstrated smaller brainstem but normalization of cerebellum volume at 3 months of age in a mixed cohort of CHD. The cerebellum shows tremendous volumetric gains relative to other regions of brain tissue over the first year. 31 Thus, robust cerebellar growth in the first postnatal year may compensate for any early volume reductions, and Cerebral white matter volume was adjusted for corrected chronological age and sex by adding the mean value of cerebral white matter volume for the 38 cardiac patients to the residuals from linear regression of the volume on corrected chronological age and sex. CDI percentiles increase as cerebral white matter volume increases (adjusted Spearman correlation r = 0.43, P = .008, A, for vocabulary words understood; r = 0.44, P = .006; B, for total gestures).
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Interestingly, we found significant correlations between cerebral white matter and total brain volumes with measures of language at 1 year of age. These correlations are similar to those found in adolescents with TGA in whom regional white matter microstructure in the cerebrum and brainstem correlated with specific cognitive deficits but rarely with global measures of intelligence. 20 Similarly, in a mixed cohort of adolescents who underwent cardiopulmonary bypass in infancy for CHD, cerebral white matter correlated with verbal comprehension. 21 Although there are few studies evaluating the relationship between quantitative MRI and neurodevelopment in CHD, our findings align with those of extremely preterm girls in whom language correlated with white matter volume. 36 Our findings support the notion that insults to the rapidly developing white matter in young infants may have at least a short-term impact on language development. 30 Brain volumes did not correlate with global indices of cognitive and motor development as measured with the BSID-II. Several studies in other populations have suggested that PDI and MDI measured at <18-24 months of age have poor predictive value. Thus, PDI and MDI may not be sensitive to detecting significant but subtle differences in cognitive functions (such as language) at 1 year of age. 37, 38 We found few correlations of brain volumes with medical variables, although length of stay inversely correlated with cerebral gray matter volume. Prior data indicate that children with TGA who had longer hospital stay had worse cognitive function. 39 In addition, lowest operative pCO2 was directly correlated with total brain and cerebral gray matter volumes. Typically lower pCO2 causes reduced cerebral blood flow and potentially increased risk of cerebral injury, hence, a lower brain volume is concordant with this pathophysiology.
Overall, our findings fill a gap in the literature by describing brain volumes at 1 year of age following corrective cardiac surgery, a timeframe that has not often been studied. In prior studies of this population, imaging was typically obtained shortly before and/or shortly after surgery, or much later in adolescence. In our study, there was some time for brain growth between surgery and imaging, but not such an extended period where other factors, such as environment, additional surgery, or medical complications, may play a larger role in recovery of brain growth and development. In addition, our study clarifies the relationship between structural brain volumes and neurodevelopment. Our study reports detailed infant language data and suggests that these early measures may be particularly sensitive to the effects of CHD on brain development and injury. This finding suggests that specific evaluation of language development is an important component of early neurodevelopmental followup in these children. Future studies should investigate whether early brain volumes predict later differences in language performance.
Our study has some limitations. First, our study was a secondary analysis from a trial designed to examine other outcomes. Second, because the initial trial did not recruit a control group, we used a dataset from a control group that was acquired on the same scanner at the same age as our group with CHD. However, the slightly different sequence variables could potentially introduce bias, and so we visually compared the segmented MRI data between the 2 groups to ensure that the segmentation algorithm was similarly effective for both groups. Another limitation to this control group is that they did not undergo the same detailed language evaluation as our group with CHD. Third, our control sample had a larger head circumference than normative data. This above-average head size in control subjects may in part account for group differences in total brain volume. However, it would not account for the relatively greater reduction in white matter than other brain regions in the subjects with CHD. Further, our finding of reduced total brain volume is consistent with data from other cohorts both younger and older than our subjects. 17, 21, 28 Fourth, given the era during which our neurodevelopmental data were collected, the BSID-II was used, and the third edition has been used in more recent cohorts. The significant findings with the CDI in contrast to the lack of correlations with BSID-II may reflect a lower sensitivity of the BSID-II in this regard. It remains to be shown if the newer Bayley-III is more sensitive for detection of language differences in this population given its separate language composite score. Fifth, formal genetic evaluation and testing was not performed at the time of the trial, although subjects were excluded from the trial if phenotypic characteristics suggested a syndromic diagnosis. Sixth, MRI was not routinely obtained in the neonatal and perioperative period.
Although we can infer that brain growth likely improved following surgery given the recovery of head circumference to the normal range, we cannot directly describe temporal patterns of brain growth within this cohort. Finally, to reduce the problem of multiple comparisons, we restricted our correlation analyses to aggregate brain regions and, therefore, did not explore the relationships between smaller discrete brain regions and neurodevelopment.
Despite these limitations, our findings have important implications for the trajectory of brain growth and neurodevelopment in children with biventricular forms of CHD when placed in the context of prior literature. Following reparative cardiac surgery, head growth normalized yet cerebral white matter and brainstem volumes remained small. Our findings suggest that persistent reduction in brain volumes in biventricular CHD months after surgery may be driven by early injury to and/or altered development of white matter, and that these observed structural differences are associated with language development. Language should be closely monitored at early neurodevelopmental follow-up visits, and future studies will be needed to determine the long-term consequences for language development. ■ 
